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1. Status of Effort: 
During the first half of this year, an investfgation has been made into the flutter 
response and aeroelastic stability of microcracked composite plates. 
First, an analytical modeling of moduli reduction due to microcracks was con-
structed based on a self-consistent method. Several important observations were 
made as to the effects of microcracking on the overall elastic behavior of the 
laminates. We next focused on the nonlinear bimodular behavior by investigat-
ing two-dimensional flutter responses of microcracked composite plates. Both 
free vibration and nonlinear flutter responses in supersonic flow were examined 
using a finite difference and finite element methods. We also performed a lin-
ear flutter analysis of a microcracked rotor blade with a single set of reduced 
moduli in order to demonstrate the roles of reduced elastic couplings in three-
dimensional flutter problems. Recently, an effort has been made to develop 
a cornplete, three-dimensional modeling of microcracked composite wings. To 
this end, an aerodynamic model reflecting the latest development in unsteady 
aerodynamics has been newly constructed. For the structural part, a modal 
solution method using a first few modes of composite laminate has been imple-
mented. This model is now complete and ready for analysis. Currently, a finite 
element model is also being formulated. 
2. Accoxnplishments/New Findings: 
The following are summary of new findings: 
(a) Regardless of layer structure and/or stacking sequence, the cracked plates 
will deform in a bimodular fashion under certain circumstances depending 
on the crack opening-closure status. Since this bimodular behavior is al-
ways coupled with spatial degrees of freedom of deformation, the overall 
behavior of microcracked composite becomes nonlinear. 
(b) :Microcracked composite plates are bound to have different coupling effects 
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than undamaged composite wings. In particular, many of beneficial elastic 
couplings that are typically used for aeroelastic tailoring may significantly 
be lost due to the presence of microcracking. 
(c) In the case of two-dimensional flutter, the microcracking in composites 
results in a loss of aeroelastic stability through nonlinear bimodular oscil-
lation as well as by a direct reduction in the bending stiffness. For the case 
of Graphite/Epoxy [90/0]s with one 90° layer microcracked, the reduction 
in the bending stiffness was as high as 12 %, resulting in approximately 6 
% of flutter stability. 
(d) \Vi thin the framework of linear analysis, decrease in the flutter stability 
for three-dimensional cases could be attributed to the significant loss in 
elastic couplings as well as in other stiffness entries, as predicted in the 
first phase of our research. For this demonstration, a blade model made 
of Graphite/Epoxy [±45]8 with all microcracks in the lower - 45° and 45° 
plies was examined. It was fou!ld that the cracked blade becomes unstable 
at 2.43 Hz of rotational speed while uncracked blade does not show any 
instability. 
We launched the proposed research on "Nonlinear Aeroelastic Effects in Dam-
aged Composite Aerospace Structures" by first investigating the effects of mi-
crocracks on aeroelastic behavior of composite plates. Microcracking is one of 
the two types of damage that we proposed to study in our original proposal. 
We believe that our work during the past half year represents the first effort to 
formulate the microcracked composite structure undergoing aeroelastic oscilla-
tions. The results summarized above agree well with our physical reasoning, 
and the problems that we defined deserve to be investigated further using fuller 
analyses. As indicated in our proposal, the importance of microcrack damage 
in composite laminates lies in its role as a modulus changer rather than as a 
strength changer. It was shown that this modulus change can significantly alter 
2 
the aeroelastic stability envelop even at a low level of crack density. Since mod-
ern aircraft are making use of composite materials for the purpose of aeroelastic 
tailoring as well as enhancing strengths, it goes without saying that the micro-
cracks will have definite effects on the overall structural integrity and safety of 
aircraft. This would be truer of military aircraft which, due to their special 
needs under unusual flight conditions, require higher degrees of safety margins. 
3. Personnel Supported: 
• Dr. Satya N. Atluri, Professor 
• Dr. Robert G. Loewy, Professor 
• [)r. Taehyoun Kim, PostDoctoral Fellow 
4. Publications: 
Kim, T., Atluri, S.N., and Loewy, R.G., "Modeling of Microcrack Damaged 
Composite Plates Undergoing Nonlinear Bimodular Flutter Oscillations", sub-
mitted to AIAA Journal in June, 1995. 
5. Interactions/Transitions: 
(a) Participation/presentations: Kim, T., Atluri, S.N., and Loe\vy, R.G., "~Iod­
eling of Microcrack damaged Composite Plates Undergoing Nonlinear Bi-
modular Flutter Oscillations", presented by Dr. T. Kim at the Third U.S. 
National Congress on Computational Mechanics, Dallas, TX, June 12-14, 
1995. 
(b) Consultative and advisory functions to other laboratories and agencies: 
None 
(c) Transitions: None 
6. New discoveries, inventions, or patent disclosures: None 
7. Honors/ Awards: None 
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1 Objectives 
Although aerospace vehicle structures are being designed making greater use of advanced 
filamentary composite materials than ever before, virtually all the composite in current use 
are designed to carry the major loads in the fiber. That is matrix material is left largely 
unloaded. Just how little load appears in the matrix material depends, of course, on the 
moduli of fibers and matrices; matrix materials carry very little load in graphite/epoxy 
composites, but a little more in glass/epoxy laminates. 
Nevertheless, the integrity of the matrix material plays important structural roles beyond 
the fundamental ones of transfering tensile loads around imperfections or damage in an 
individual fiber reinforcement and shear transfer from one ply to another. Matrix constraint 
of fiber deflection in transverse directions is a key factor in preventing buckling of plies under 
compressive loads. Such local instabilities are, of course, a principal adverse consequence 
of delamination. 
Further, composites designed and used so as to have no major loads in the matrix 
material can not provide elastic couplings, and there is a widespread agreement that elas-
tic copuplings (e.g. bending/torsion or extension/torsion) can have substantial benefits. 
Examples include stabilizing the static aeroelastic divergence of forward swept wings and 
eliminating dynamic instabilities encountered by advanced helicopter rotor blades. Elastic 
couplings, in general, require loading the matrix material in composite laminates. 
There is, therefore, strong justification for considering the behavior of aerospace struc-
tures in the presence of likely and, certainly, unavoidable damage in matrix materials. The 
purpose of the research proposed here is to study the aeroelastic behavior of composite air-
craft and missile wings in the presence of two kinds of damage in the matrix material. The 
first kind is the likely sub-surface delamination that can occur, for example, when a tool is 
dropped on the upper surface and repeated upward bending moments cause growth of the 
delaminated region. The second is the micro-cracking which inevitably exists in both resin 
matrix and metal matrix composites. Delamination sufficient to cause ply buckling under 
compressive loads, say, in only an upper surface will cause a nonlinear load-deflection rela-
tionship in bending. While micro-cracking of the matrix has negligible effect on the overall 
elastic properties of composite structures now in service because these composites are de-
signed so that matrix materials are substantially unloaded, their effect on the aeroelastic 
moduli of structures tailored to provide elastic couplings can be substantial. Micro-cracking 
distribution can cause nonlinear load-deflection characteristics in bending, too. 
2 Status of Effort 
In the previous reporting period, the investigation has focused on the aeroelastic analysis 
of structures with micro-cracked laminates. The reduced stiffness of the micro-cracked 
laminate was evaluated using the self consistent model developed by Laws, Dvorak, and 
Hejazi. The crack opening/ closure criterion is based on the sign of the strain normal to the 
fiber direction accomodated by the cracks. The presence of micro-cracks in laminates were 
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shown to lead to bimodular vibration of composite plates. 
A one dimensional, panel flutter investigation has shown that micro-craks in composites 
result in the loss of aeroelastic stability through direct reduction in stiffness and nonlinear 
bimodular oscillations. Typical results of this analysis were reported in the publication 
given below. 
3 Accomplishments/New Findings 
In the present reporting period, the investigation has turned to realistic configurations 
involving aircraft wings presenting elastic couplings. In such structures, the strength of 
the elastic coupling, a central parameter for the design of aeroelastically tailored wings, 
strongly depends on the matrix material properties which in turns are strongly affected by 
matrix rnicro-cracking. To ensure the realism of the analysis, the lay-ups used for the X-29 
forward swept wing fighter were used as a base line. The bending, torsional, and coupling 
stiffnesses of the wing were evaluated for the nominal value of the material properties and 
for those corresponding a matrix saturated by micro-cracks. The effect of nonlinear shear 
stress/strain material behavior was also investigated, as suggested at AFOSR workshop last 
June. Though such effect can conceptually be as significant as that of micro-craks, the level 
of shearing stress present in this design was low, and as a result, linear properties were an 
excellent approximation. 
The bending and torsional stiffnesses of the wing were slightly degraded in the presence 
of micro-craks (typically, a 5% decrease in stiffness was observed), whereas dramatic changes 
in the coupling stiffness were observed (up to 150%). This change in coupling stiffness will 
dramatically affect the static divergence speed of the wing which the elastic coupling is 
meant to increase, and will also affect the flutter speed of this forward swept wing. This 
flutter analysis is presently being conducted. 
4 Personel Supported 
The following personel has been supported under this grant: 
1. Dr. Satya N. Atluri, professor; 
2. Dr. Robert G. Loewy, professor; 
3. Dr. Taehyoun Kim, post-doctoral fellow; 
4. Mr. Haochuan Zhang, graduate research assistant; 
5 Publications 
Kim, T.? Atluri, S.N., Loewy, R.G. " Modeling of Micro-crack Damaged Composite Plates 
Undergoing Nonlinear Bimodular Flutter Oscillations". Accepted for publication in AIAA 
Journal. 
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6 Interactions /Transitions 
1. A summary of this work was presented at the AFOSR workshop in Virginia Beach, 
Virginia. 
2. An abstract was accepted for presentation of this work at the "Nonlinear Dynamical 
Systems Symposium" to be held January 6-9, 1997 in Reno, NV. 
7 New Discoveries, Inventions, Patent Disclosures 
None. 
8 Honors and A wards 
None. 
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Research Objectives 
Although aerospace vehicle structures are being designed making greater use of advanced 
filamentary con1posite materials than ever before, virtually all the composites in current use 
are designed to carry the major loads in the fibers. That is, matrix material is left largely 
unloaded. "\Tevertheless, the integrity of the matrix material plays important structural roles 
beyond the fundamental ones of transferring tensile loads around imperfections or damage 
in an individual fiber reinforcement and shear stresses from one ply to another. Matrix 
constraint of fiber deflection in transverse directions is a key factor in preventing buckling 
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of plies under compressive loads. Such local instabilities are, of course, a principal adverse 
consequence of delamination. 
Composites designed and used so as to have no major loads in the matrix material can 
not provide elastic couplings, and there is a widespread agreement that elastic couplings (e.g. 
bending/torsion or extension/torsion) can have substantial benefits [1]. Examples include 
stabilizing the static aero elastic divergence of forward swept wings and eliminating dynamic 
instabilities encountered by advanced helicopter rotor blades. Elastic couplings, in general: 
require loading the matrix material in composite laminates. 
The first part of this research investigated the nonlinear aeroelastic behavior of wing 
structures in the presence of likely and certain unavoidable damage in matrix materials. 
The investigation focused on matrix micro-cracking which inevitably exists in both resin 
matrix and metal matrix composites. While micro-cracking of the n1atrix has a modest 
effect on the overall elastic properties of composite structures now in service because these 
composites are designed so that matrix materials are substantially unloaded, their effect on 
the aeroelastic behavior of structures tailored to provide elastic couplings can be substantial. 
Micro-cracking was shown [2] to give rise to limit cycle oscillations in nonlinear hi-modular 
flutter of damaged composite panel. 
From an operational standpoint, routine inspection will only detect the most serious 
damage types, and maintenance programs involving complete structural inspections only 
take place after many flight hours. As a result, deterioration of aeroelastic properties can go 
undetected for extended periods of time, and aircrafts flying in such conditions could have 
significantly reduced stability boundaries. 
Both micro-cracking and delamination are damage processes that can lead to nonlinear 
material behavior and possible nonlinear aeroelastic phenomena. A fundamental difference 
exists between these two damage mechanisms. Micro-cracking is an unavoidable phenomenon -
associated with curing stresses and the repeated application of service loads. After a some 
time in service, a "shake-down" state is reached where significant micro-cracking is present 
throughout the structure. On the other hand, delamination is a localized phenomenon re-
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suiting from foreign object damage, manufacturing defects, or the coalescence of extensive 
micro-cracking. Delaminations can appear between the layers of a laminate, and under 
specific loading conditions, these delaminations can grow. Though the size of the delamina-
tion can become large when compared to ply or laminate thickness, it is unlikely that this 
damage will become large when compared to the size of the overall structure without being 
detected by routine structural inspection. As a result, studying the aeroelastic behavior of 
wings with delaminations extending over half the span, for instance, would be an academic 
exercise. On the other hand, the aeroelastic behavior of wings with significant, but localized 
delaminations is unlikely to be different from that of undamaged wings because a localized 
delamination only results in a very small change in overall wing stiffness. 
There are cases, however, where delaminations can occur over large portions of structural 
components such as control surfaces, for instance. A given size delamination initiated by 
foreign object i:mpact could be fairly small compared to wing size, but rather large with 
respect to aileron or rudder size. Furthermore, the rather high stiffness of actuators, placed so 
as to be close to the surface being driven, makes for relatively high frequency control surface 
rotation characteristics. Finally, control surfaces being lighter gage structures are often 
designed by stiffness rather strength criteria, and the damage caused by an impact of given 
energy level is likely to result in a more dramatic stiffness reduction for such components. As 
a result, the second part of this research was devoted to the study of the aeroelastic behavior 
of wing-aileron structures in the presence of delamination damage. 
Reseach Findings 
Matrix micro-cracking of composite laminates was found to have a modest effect on the 
sectional stiffnesses of wings, and on the resulting aeroelastic behavior, though the effect can -
be very significant on elastic coupling terms. A complicating effect of matrix micro-cracking 
is that it gives rise to nonlinear material constitutive laws in the presence of nonuniformly 
distributed crack densities. In particular, nonlinear, hi-modular sectional stiffness properties 
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are likely to occur in practical situations. 
Matrix damage does not seem to have a significant influence on the flutter speed. But for 
the aeroelastic response to a sharp edged gust, a clear qualitative difference exists between the 
aeroelastic reponses of the undamaged and damaged wings. The undamaged wing exhibits 
strong aerodynamic damping characteristics, whereas large amplitude, undamped aeroelastic 
oscillations, typical of a limit cycle behavior, were observed for the damaged case. At speeds 
close to, but lower than the flutter speed the peak-to-peak amplitudes for the associated 
oscillatory root shear force and bending moment are predicted to be as much as an order 
of magnitude larger for the damaged wing as compared to the undamaged wing. This limit 
cycle behavior seems to disappear at lower air speeds. 
Using a three-dimensional aerodynamic and structural model to simulate wing-aileron 
flutter when localized delaminations are present, it has been found that the flutter speed 
of the damaged structure is approximately the same as that of the undamaged structure. 
But, for a significant range of speed below flutter, high-amplitude oscillations are observed, 
typical of a limit cycle behavior. These oscillations induce high-amplitude, cyclic stresses in 
the aileron and at the wing root, that could significantly reduce the fatigue life of the entire 
structure. 
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